Summary We examined if lifelong physical activity is important for maintaining bone strength in the elderly. Associations of quantitative computerized tomography-acquired bone measures (vertebral and femoral) and self-reported physical activity in mid-life (mean age, 50 years), in old age (≥65 years), and throughout life (recalled during old age) were investigated in 2,110 men and 2,682 women in the AGESReykjavik Study. Results conclude lifelong physical activity with continuation into old age (≥65 years) best maintains better bone health later in life.
Introduction Skeletal loading is thought to modulate the loss of bone in later life, and physical activity is a chief means of affecting bone strength by skeletal loading. Despite much discussion regarding lifelong versus early adulthood physical activity for preventing bone loss later in life, inconsistency still exists regarding how to maintain bone mass later in life (≥65 years). Methods We examined if lifelong physical activity is important for maintaining bone strength in the elderly.
Results The associations of quantitative computerized tomography-acquired vertebral and femoral bone measures
Introduction
Skeletal loading through physical activity has been a principal focus of research for prevention of osteoporosis due to agerelated bone loss [1] [2] [3] [4] [5] [6] [7] [8] [9] . Maximizing peak bone mass with early life physical activity and lifelong continuous physical activity has been separately recommended to prevent bone loss later in life [1] [2] [3] [4] [5] [6] [7] . Despite many hypotheses describing improved bone mineral density (BMD) by different types of physical activity (e.g., walking, running, swimming, biking), a conclusive report on the activity in which stage of life (early, middle, or late) is the key to minimize age-related bone loss remains unclear.
Results from research investigating associations between BMD in old age with physical activity during early adulthood or throughout life were based on recalled early life information at a later time of life [2] [3] [4] [7] [8] [9] [10] . Lack of longitudinal studies comparing physical activity performed concurrently at the time of reporting from different stages (for example, mid-life versus old age) of life makes it difficult to confirm if a particular stage of life or lifelong physical activity is better for preventing bone loss in the elderly (≥65 years). Our report using longitudinal population-based study data from the Ages, Gene/Environment SusceptibilityReykjavik (AGES-Reykjavik) Study addresses this important gap by providing information on physical activity concurrently collected at the time of performance during mid-life and old age.
A revised definition of osteoporosis (state of compromised bone strength) recommends considering bone strength measures along with the BMD for evaluating agerelated bone loss [11] . Besides trabecular BMD, as reported in most previous studies, the AGES-Reykjavik Study provides the unique opportunity to present data on quantitative computerized tomography (QCT)-acquired bone measures critical for calculating bone strength [11, 12] , which include trabecular and cortical BMD and femur neck cross-sectional area for geometric measures, in a large group of elderly people. We report effects of physical activity from different stages of life on QCT bone measures (including BMD and strength measures) in more than 4,500 men and women 65 years or older in the AGES-Reykjavik Study. We hypothesized that lifelong physical activity is more important than activity only in one stage of life for maintaining higher QCT bone measures in the elderly aged ≥65 years. To explore the hypothesis, we investigated relationships between bone measures and physical activity assessed by report in mid-life (mean age, 50 years), in old age (≥65 years), and throughout life (recalled during old age ≥65 years) in the participants from the AGES-Reykjavik Study.
Methods

Design and subjects
Participants were drawn from the Age, Gene/Environment Susceptibility-Reykjavik Study, a longitudinal study nested in the long-term Reykjavik Study [13] . These men and women were between 67 and 93 years of age at the time of enrollment in the AGES-Reykjavik Study in 2002 [13, 14] . Data were collected between 2002 and 2006 that included both an interview and physical measurements. A total of 5,764 men (n02,438) and women (n03,326) participated in this study.
Measurements
QCT bone measures
Lumbar spine (L1, L2) and the left femur (from above the head in the acetabulum to below the trochanter, 1-mm slices) were scanned and analyzed using a standard QCT imaging protocol and analysis software for bone measure acquisition in the AGES-Reykjavik Study [14] . The QCT bone measures used in our analysis are suggested to contribute to bone strength defined by the revised osteoporosis definition [11] . Bone measures used in our analysis are: (1) vertebral trabecular bone density (VBMD); (2) femur neck minimal cross-sectional area (NCSA); (3) femur neck cortical thickness (CorTh), calculated as a proportion of femoral neck integral volume (femur neck cortical volume/femur neck integral volume); and (4) femur neck trabecular bone density (FNTB). The four QCT bone measures (VBMD, NCSA, CorTh, and FNTB) were each standardized by generating a gender-specific Z-score variable [X (data point)−population mean/(SD for population mean)]. While bone measures were kept continuous for bivariate and multivariate regression analyses, we divided the scores for each variable into quartiles [15, 16] and defined the highest quartile as "high bone score" versus the lower three quartiles as "low bone score" for descriptive purposes.
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Physical activity variables
For lifetime history of physical activity as recalled by interview during old age (≥65 years): Participants were asked whether they participated in moderate-to-vigorous-intensity physical activity (reported in hours per week) with the examples given of badminton, golf (walking), biking, swimming, heavy gardening, weight lifting, hiking/mountain climbing, fast walking/fast dancing/heavy housework, rowing, aerobics, jogging, or running for four time periods across life: old (≥65 years), late middle age (50 to 64 years), early middle age (35 to 49 years), and young adulthood (20 to 34 years). There was no association between continuous forms of physical activity reported per hour and any of the bone variables in our study. Based on early reports on positive effects of physical activity (performed ≥4 h per week) on bone, self-reported physical activities by older adults (a range of 2-6 h per week) with similar activities reported in our study (swimming, gardening, jogging, etc.), and physical activity guidelines for older adults in the USA [5, 7, 17, 18] , we defined two categories of physical activity: no physical activity or <4 h per week and ≥4 h per week for each period of time in life mentioned above. Physical activity recalled and reported during old age in our study was thus re-defined as performing any of the activities (mentioned above) for ≥4 h per week. From the 16 possible combinations of physical activity (Appendix 1) reported for the four time periods of life (mentioned above) and important time periods previously reported for influencing BMD and bone size in old age [7] [8] [9] [10] , we generated six categories (Appendix 2): (1) reported no participation (none or <4 h per week) in physical activity over the entire lifetime (reported as no physical activity (PA) or lifetime physically inactive); (2) reported participation in physical activity ≥4 h per week during adult life (combination of early middle, 35-49 years; late middle, 51-64 years; and old age, ≥65 years) excluding young adulthood (reported as current life PA); (3) reported participation in physical activity ≥4 h per week at all time periods (reported as lifelong PA); (4) reported participation in physical activity ≥4 h per week during young adulthood but not active during old age (reported as early life PA); (5) reported participation in both young adulthood and old age (≥65 years) and was inactive during either early or late middle age (called both early and current life PA); and (6) all other combinations collapsed together as "other combinations of PA."
Mid-life physical activity reported in mid-life (mid-life report of PA)
All participants in the AGES-Reykjavik Study have data from mid-life (mean±SD; age, 50±7 years). At the time, participants were asked to report sports activity from 20 years of age, reporting their performance in hours per week, with examples given of PA including swimming, gymnastics, track and field, football or handball, badminton, tennis, table tennis, golf, walking, dancing, riding, mountain climbing. Out of three original PA categories recorded during mid-life, we recoded PA as "not active" for those who reported no activity at all and "active" for those who reported any type of activity (between 1 and 5 h or ≥6 h per week). There were too few people with high (≥6 h/week) activity to code them separately.
Other measurements
Lower extremity muscle strength has been found important in maintaining independence with walking and prevention of fall in the elderly population [19, 20] . Leg muscle strength and walking speed were collected as covariates in our study. Leg muscle strength (maximal isometric muscle strength of the right knee) was collected using computerized isometric dynamometry. Walking speed was measured by time (in seconds) taken by the participant to walk 6 m at usual speed.
Other covariables collected at the baseline interview were: smoking (yes, if smoked at least 100 cigarettes over the lifetime; otherwise, no); current alcohol use; protein intake of meat, fish, and milk as a teenager (recoded as "yes" for consumption ≥3 times a week; otherwise, no); and self-reported health status (recoded as "poor" for fair or poor responses and "good" for those with excellent, very good, and good categories of response). We further created indicator variables for reported history of osteoporosis or use of any medications known to promote bone health (bisphosphonates, selective estrogen modulators, different hormonal preparations including norethisterone, estradiol, dienogest and levonorgestrel with estrogen, angiotensin receptor blockers, diuretics including hydrochlorothiazide) as brought to the clinic during baseline examinations and activities of daily living (ADL) that included eating, bathing, dressing, and transferring from bed to chair.
The AGES-Reykjavik Study was approved by the National Bioethics Committee in Iceland (#VSN00-063), the National Institute on Aging-Intramural Institutional Review Board and the University of Texas Houston Health Science Center Committee for Protection of Human Subjects. All participants signed a written informed consent form before participating in the study.
Data analysis
Because of the large and systematic differences between men and women for bone variables, data for men and women were analyzed separately using STATA software version 9.2. A bivariate analysis was conducted to describe the gender-specific distribution of PA for each QCT variable (in continuous form) and other variables included in the analysis. Other variables (other than physical activity variables), associated with bone measures at p<0.1, were used for developing multivariate logistic regression models.
The QCT bone measures were the dependent variables, and the physical activity variables were the independent variables for the gender-specific multivariate regression models developed for our analysis. We reported results from multivariate regression models adjusted for covariates known to affect bone health that were significant (at p< 0.1) in the bivariate analysis, i.e., education, frequency of fish and milk intake per week, smoking, current alcohol use, self-reported health status, history of arthritis, bonepromoting medication use, leg muscle strength, and walking speed. In addition, the model for women was adjusted for use of oral contraceptive pills and hormone replacement therapy.
We developed separate models to (1) investigate relationships between each QCT bone measure (as continuous variables) and PA reported during old age (≥65 years) and (2) investigate relationships between QCT bone measures and PA reported during mid-life (mean age, 50 years). The results were reported with beta coefficient (β) and 95% confidence intervals (CI). We have also conducted a backward stepwise multivariate regression analysis to determine PA at which of the four time periods reported during old age (≥65 years) (old age, late middle age, early middle age, and young adulthood) was most strongly associated with the bone variables at old age. The results from the stepwise regression model were reported with beta coefficient (β) and 95% CI. Each of the multivariate regression models was tested with and without leg strength and walking speed to confirm the outcome without influence from muscle strength.
We excluded 972 (642 women and 328 men) participants due to missing QCT data. About 21% of the missing data were for people who had home visits and were not able to come for QCT measurements. Other reasons for missing QCT data were hardware in their body, other medical exclusions, poor scan quality, or equipment failure. The final study sample included 4,792 persons, 2,110 men and 2,682 women. Tables 1 and 2 describe demographic and physical activity characteristics by high (highest quartile) and low (lower three quartiles) scores of each QCT bone measure separately for men (Table 1 ) and women ( Table 2 ). Mean (±SD) age was 76 years (±5) for both men and women. Men and women with lower bone scores were older and had lower mean weight and weaker muscle strength. About two thirds of men (64%) and women (72%) reported lifelong physical inactivity (no PA) followed by early life physical activity (15% men and 12% women), current life physical activity (8% men and 6% women), and lifelong physical activity (8% men and 5% women), respectively.
Results
Excluded participants due to missing data were older (mean±SD age for men080±6 and women081±7 years) and weaker in terms of isometric leg strength (mean±SD for men0357±100 and women0228±73 N) and walking speed (mean±SD, 8±2 s for both men and women) than those who were included in the analysis.
Men who reported physical activities both at early age and current life were more likely to have higher VBMD (β, 95% CI00.54, 0.23 to 0.84) and FNTB (β, 95% CI00.39, 0.07 to 0.71) compared to those who reported being physically inactive (no PA) throughout their life (Table 3) . Men with early life PA showed a higher likelihood of having larger femur NCSA (β, 95% CI 00.14, 0.02 to 0.26) than those who reported no physical activity throughout their lifetime (Table 3) . Women with current PA were more likely to have higher VBMD (β, 95% CI00.17, 0.02 to 0.33) compared to those who reported no physical activity throughout their life (Table 3) . No other associations reached statistical significance, and no changes were noted with or without leg strength and walking speed in the multivariate models.
When checked with backward stepwise regression models, current life PA (≥65 years) became the most common last remaining variable indicating more consistent association with bone measures (significant for VBMD and CorTh in women and only CorTh in men) (Fig. 1) . However, early middle age PA became the last remaining variable in association with FNTB in men (Fig. 1) which did not reach statistical significance.
We also examined the association of QCT bone measures from old age (≥65 years of age) with mid-life report of physical activity (Table 4 ). In men, greater mid-life reported physical activity was associated with higher VBMD (β, 95% CI00.10, 0.003 to 0.188) compared to those who reporting no physical activity during mid-life. In women, mid-life report of PA was associated with larger NCSA (β, 95% CI00.109, 0.021 to 0.196) and higher FNTB (0.113, 0.027 to 0.199). The association between VBMD and midlife report of PA became statistically non-significant when leg strength was added to the multivariate model. No other associations reached statistical significance and was not influenced by either leg strength or walking speed. 
Discussion
VBMD showed the most consistent relationships with continued lifelong physical activity, as reported by recall during old age (≥65 years), in our study. Men who reported PA both at early life as well as current life and women who reported PA during current life showed greater likelihood of having higher VBMD. The plausibility of the association with lifelong Table 3 Associations between QCT bone measures and PA ≥4 h/week throughout life as reported during old age (≥65 years) stratified by gender Multivariate models adjusted for age, height at age 25 years, weight, education, smoking, alcohol use, self-reported health status, bone-promoting medication use, ADL, leg muscle strength, and walking speed VBMD vertebral BMD, NCSA femoral neck mean cross-sectional area, CorTh femoral neck cortical thickness, FNTB femoral neck trabecular BMD *p value<0.05; **p≤0.08 Fig. 1 Associations between PA from different stages of life as reported at older age (≥65 years) and QCT bone measures-results from backward stepwise regression models for men and women. Notes: (1) Fig. 1 reports results from backward stepwise multiple regression models-four models for women on the left and four models for men on the right of the figure. In the eight regression models, the QCT bone variables (VBMD vertebral BMD, NCSA femoral neck minimum cross-sectional area, CorTh femoral neck cortical thickness, FNTB femur neck trabecular BMD) were the outcome variables (one model for each variable), and the PA variables from four stages (current life, ≥65 years; late middle, 50-64 years; early middle, 35-49 years; young adulthood, 20-34 years) of life were the independent variables. β with 95%CI for the last remaining variable from each model is represented in the figure. Current life PA remained as the last variable in all of the models except in the model with FNTB* for men where early middle age PA remained as the last variable. (2) The control variable for each model was men and women who reported <4 h/week PA for that particular stage of life. Models were adjusted for age, height at age 25 years, weight, education, smoking, alcohol use, self-reported health status, bone-promoting medication use, ADL, leg muscle strength, and walking speed physical activity with high VBMD was also supported by a positive association of higher VBMD with the mid-life report of physical activity in men. FNTB and femur NCSA were found to be higher in men who reporting PA both at early and current life. Mid-life report of PA in women also showed association with NCSA and FNTB. Lastly, associations between current life PA with VBMD and CorTh in women and CorTh in men in the stepwise regression analysis emphasize the importance of continuation of PA into old age for better bone health later in life. Findings from our study are consistent with previous research that reported associations between old age (≥65 years) VBMD and early adulthood physical activity [7-9, 21, 22] . In addition to reports on positive effects of early adulthood physical activity on BMD later in life, the previous studies also reported a need for continued skeletal loading through physical activity for maintaining the positive effect on bone later in life [7-9, 21, 22] . Our results support the general hypothesis that not only maintenance of gained peak bone mass but also a deceleration of age-related bone loss by continued lifelong physical activity is important for preserving bone strength later in life [11, 22] .
Our results also showed consistency with a previous report of growing femur neck cross-sectional area with increased periosteal apposition during younger age [8, 9] . Recalled report of early life PA in men and concurrent report of PA during mid-life in women showed higher likelihood of larger NCSA in them compared to those who reported no PA throughout life and no PA in mid-life, in order (Tables 3 and 4) . These results may be showing effects of PA from an earlier time before old age (≥65 years) on NCSA.
Previous studies reported associations between lifelong physical activity and BMD in different body regions including whole body [10, [21] [22] [23] , spine, femur, and arm [21, 22] . However, effects were more prominent and consistent in the vertebral regions [21, 22, [24] [25] [26] . Mostly trabecular structure, different metabolic properties with greater marrow cellularity, and longer hematopoetic activities were reasons discussed in favor of faster BMD loss and recovery in vertebral than femoral regions due to age or impact exercise [24] [25] [26] [27] . Variations in site-specific loading affecting mechanical properties and not reaching threshold for osteogenesis due to type of resistive exercise or gravity-related unloading were also argued in favor of greater changes in vertebral compared to femoral BMD in both the ambulatory and bed rest population [25, 26] . While similar structural and physiologic mechanisms (described above) may explain our findings of associations between VBMD and lifelong physical activity, it is unclear why the other bone measures did not show consistent associations with physical activity in our study. Future analysis on effects of regional impact load on site-specific BMD with consideration of strain index [8] is recommended for confirming effects of physical activity on bone.
The effect of a particular type of physical activity, e.g., heavy gardening vs. mountain climbing, on bone could not be determined due to the general physical activity questionnaire used in our study. Appropriate caution is needed to generalize the study results to groups of different racial and ethnic identities and geographic regions. Using QCT measurements was perhaps the ultimate strength of our study because this confirmed results from previous studies using DEXA bone measures. Despite no consistent association of the QCT variables (other than VBMD) with physical activity, our study adds valuable information to the current literature about nature of individual QCT measures in relation to physical activity in a large population of older (≥65 years) men and women. The AGES-Reykjavik Study is one the few studies reporting effects of lifelong PA on bone in a large population-based cohort including men and women ≥65 years of age. Our analysis is novel in comparing effects of physical activity reported during old age (≥65 years) and during mid-life (mean age, 50 years) in associations with QCT bone measures in the clinically relevant sites. A follow-up on bone measures in the same population will help confirm the positive effects of continuation of old life PA on bone that was started during adulthood in our study participants.
Conclusions
In summary, our findings confirmed previous reports that conclude continued lifelong physical activity is important for maintaining good bone strength later in life (≥65 years of age). We recommend future investigations on effects of physical activity on bone strength in older persons which focuses on comparing well-defined activities with and without site-specific skeletal loading. Table 6 Distribution of six combined categories of PA generated from the 16 primary combinations described in Table 1 Men Women 
